Low pH Modulates the Macroorganization and Thermal Stability of PSII Supercomplexes in Grana Membranes  by Stoichev, Svetozar et al.
844 Biophysical Journal Volume 108 February 2015 844–853ArticleLow pH Modulates the Macroorganization and Thermal Stability of PSII
Supercomplexes in Grana MembranesSvetozar Stoichev,1 Sashka B. Krumova,1 Tonya Andreeva,1 Jon V. Busto,2 Svetla Todinova,1
Konstantin Balashev,3 Mira Busheva,1 Fe´lix M. Gon˜i,2 and Stefka G. Taneva1,2,*
1Institute of Biophysics and Biomedical Engineering, Bulgarian Academy of Sciences, Sofia, Bulgaria; 2Unidad de Biofı´sica (CSIC, UPV-EHU)
and Departamento de Bioquı´mica, Universidad del Paı´s Vasco, Leioa, Spain; and 3Department of Physical Chemistry, Faculty of Chemistry
and Pharmacy, Sofia University ‘‘St. Kliment Ohridski,’’ Sofia, BulgariaABSTRACT Protonation of the lumen-exposed residues of some photosynthetic complexes in the grana membranes occurs
under conditions of high light intensity and triggers a major photoprotection mechanism known as energy dependent nonpho-
tochemical quenching. We have studied the role of protonation in the structural reorganization and thermal stability of isolated
grana membranes. Themacroorganization of granal membrane fragments in protonated and partly deprotonated state has been
mapped by means of atomic force microscopy. The protonation of the photosynthetic complexes has been found to induce large-
scale structural remodeling of grana membranes—formation of extensive domains of the major light-harvesting complex of
photosystem II and clustering of trimmed photosystem II supercomplexes, thinning of the membrane, and reduction of its
size. These events are accompanied by pronounced thermal destabilization of the photosynthetic complexes, as evidenced
by circular dichroism spectroscopy and differential scanning calorimetry. Our data reveal a detailed nanoscopic picture of the
initial steps of nonphotochemical quenching.INTRODUCTIONThe thylakoid membrane is among the most complex pro-
tein-enriched biological membranes, dynamically reacting
with macroorganizational changes upon a variety of envi-
ronmental stimuli, light being one of them (1). Numerous
microscopic investigations demonstrate that it is segregated
in stacks of tightly appressed (grana) regions abundant in
photosystem II (PSII) supercomplexes and nonappresed
(stroma) regions reach in photosystem I (PSI) (2,3).
PSII is the key determinant of the molecular architecture
of grana membranes, as well as of the light energy conver-
sion and optimization. There are numerous evidences that
its components are the main players in the photoprotective
mechanisms in plants (4). PSII is composed of a core com-
plex and a membrane-associated antenna moiety constituted
of light-harvesting complex (LHC) polypeptides that bind
pigment molecules—chl a, chl b, and xanthophylls
(2,5,6). The dimeric PSII core associates with antennae pro-
teins (Lhcb1-Lhcb6, both in monomeric and trimeric form)
into PSII supercomplexes with somewhat varying composi-
tion with respect to the antennae moiety (5,7–9). The mini-
mal unit of the supercomplex, C2S2, is composed of two
copies of monomeric Lhcb4 and Lhcb5 proteins bound to
the dimeric PSII core, whereas in general the largest super-Submitted September 25, 2014, and accepted for publication December 22,
2014.
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0006-3495/15/02/0844/10 $2.00complex, C2S2M2, contains two additional copies of the
monomeric Lhcb6 and two trimers of the major light-har-
vesting complex of PSII, LHCII; occasionally, even larger
supercomplexes can be found (9). The association/dissocia-
tion of the antennae complexes to the PSII core adjusts
quickly to the environmental (light) conditions, thus regu-
lating and optimizing light harvesting and utilization. It
was shown that in thylakoid membranes this process is regu-
lated by the protonation state of PsbS and LHCII (9–14)—
upon high-light conditions (when PsbS and LHCII are
protonated) certain antennae complexes are believed to
detach from the core (13) and LHCII aggregates are formed
(15). This is part of the regulatory and photoprotectory
mechanism known as nonphotochemical fluorescence
quenching (NPQ) that leads to lowering of the excitation en-
ergy pressure on PSII reaction centers.
Highly valuable information about the structural organi-
zation of grana/thylakoids in higher plants is obtained by
electron microscope (EM) tomography, and several models
are built for its three-dimentional architecture and the lateral
distribution of the protein complexes (16–22). The protein
macroorganization of isolated grana patches (BBY particles
(23)) was found to be indistinguishable from the one in vivo
(24); therefore, BBY membranes are often used as a model
for investigating light harvesting optimization, photoprotec-
tion, and PSII supercomplex organization in higher plants.
The dimentions of the PSII supercomplexes and their supra-
molecular organization are extensively characterized by
EM (5,7,8,25–28); however, in recent years atomic forcehttp://dx.doi.org/10.1016/j.bpj.2014.12.042
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probing the lateral protein arrangement in photosynthetic
membranes because of its high resolution and the possibility
to measure in fluid (i.e., closer to the in vivo environment).
AFM helped building remarkable molecular models of the
organization of the photosynthetic apparatus in photosyn-
thetic bacteria (29–32), red algae (33), and higher plants
(34–37).
The first application of AFM to study the topography of
grana membranes on air was reported by Kirchhoff et al.
(38). By combining the topographic features of isolated
LHCII, PSII supercomplexes and grana patches with their
dimensions determined by EM, Kirchhoff et al. (34) pre-
sented a map of the organization of PSII complexes within
the grana membranes. Three height levels of the observed
protruding particles were recorded and were found to corre-
spond to the lipid bilayer and/or LHCII complexes (%1 nm
height), PSII supercomplexes (R2 nm height), and the
lumenal part of PSII supercomplexes (~5 nm height). The
authors revealed that the PSII supercomplexes are preferen-
tially oriented parallel to each other and have the propensity
to form ordered domains rather than being randomly orga-
nized. Recently, Onoa et al. (37) demonstrated the coexis-
tence of crystalline and disordered arrays and quantified
their sizes in grana. The presence of nanodomains of colo-
calized PSII and cytb6f complexes has been demonstrated
by affinity-mapping AFM (35). High-resolution AFM im-
ages acquired using an intermittent contact or jumping
mode (36) distinguished four different packing arrange-
ments of dimeric PSII complexes: colinear crystalline
rows, nanometric domains of straight or skewed rows, and
disordered domains. These authors also revealed that stor-
age at low (4C) temperature leads to large structural rear-
rangements and remodeling from random to row-like
organization and attributed it to protein diffusion (36).
High/inhibitory light exposure of plants was shown to
trigger slight decrease in PSII density in the grana (37).
AFM proved also to be useful in the characterization of
the protein organization in plant mutants (37).
The dynamic properties (of the lipid and protein moi-
eties) and the flexibility of BBY membranes were followed
by neutron-scattering techniques (39,40). Time-resolved
reversible light-induced changes in the repeat distances of
grana membranes were recorded by small-angle neutron
scattering and were suggested to take part in light adapta-
tion and photoprotection mechanisms of higher plants
(40,41).
To gain insight into the molecular events triggered by the
protonation of the photosynthetic complexes in the initial
steps of NPQ, we studied the macroorganization and ther-
mal stability of isolated PSII-enriched grana particles in
partly deprotonated (BBYpH7.8 membranes, model for
dark-adapted condition) and protonated (BBYpH5.2 mem-
branes, model for high light–adapted condition) states.
AFM, differential scanning calorimetry (DSC) and circulardichroism (CD) were employed to characterize BBY mem-
branes in the two states of protonation.MATERIALS AND METHODS
Isolation of PSII-enriched membrane fragments
PSII-enriched subthylakoid fraction (BBY membranes) was isolated from
pea (Pisum sativum RAN-1) according to Berthold et al. (23). Pea was
grown for 10 to 14 days at 60 mmol photons m2s1, 23C, 57% humidity
and 12 h photoperiod. The obtained BBYmembranes were resuspended in a
medium containing 20 mM Hepes (pH 7.8), 15 mM NaCl, 5 mM MgCl2,
0.4 M sucrose. The samples (at a concentration of chlorophyll (chl)
~4 mg/mL) were stored at 80C after addition of 30% glycerol for
further use.
Before the AFM, CD and DSC experiments aliquots of BBY membranes
were washed three times and resuspended in a buffer medium containing
either 50 mM Tricine, 5 mMMgCl2 and 0.25 M sucrose, pH 7.8 (BBY
pH7.8
membranes) or 40 mM MES, 5 mM MgCl2 and 0.25 M sucrose, pH 5.2
(BBYpH5.2 membranes).Chlorophyll determination
The chl content was assayed in 80% acetone (v/v) (42). The isolated BBY
preparations had a chl a/b ratio of ~1.6.Atomic force microscopy
BBY samples were deposited on freshly cleaved mica in adsorbing buffer
(either 50 mM Tricine, 5 mM MgCl2 0.33 M sucrose, pH 7.8 or 50 mM
MES, 5 mM MgCl2, 0.33 M sucrose, pH 5.2) in the dark at room temper-
ature. After 30 min the samples were washed with the imaging buffer (either
10 mM Hepes, 50 mM KCl pH 7.8, or 10 mM MES, 50 mM KCl pH 5.2),
similarly to Sznee et al. (36), and imaged using a Nanowizard II AFM (JPK
Instruments, Berlin, Germany). Sample imaging (resolution 512  512
pixels) in contact or intermittent-contact mode was performed in a liquid
cell using MSNL Si3N4 tips (Veeco Instruments, Plainview, NY) with a
spring constant of 0.1 N/m (as stated by the manufacturer) and a resonance
frequency of 11 to 12 kHz. BBYpH7.8 and BBYpH5.2 membranes were
imaged at a scan-rate of 1 Hz, whereas the higher-resolution images were
scanned at 8 to 10 Hz. The AFM images were analyzed using JPK Image
Processing software.77 K steady-state fluorescence spectroscopy
77 K chl emission spectra were measured on a Jobin Yvon JY3 spectroflu-
orimeter upon 436 nm excitation. The spectra were corrected for the
spectral sensitivity of the detection system. The chl concentration of the
samples was 15 mg mL1. Data are representative of four independent
experiments.Circular dichroism
CD spectra of BBYpH7.8 and BBYpH5.2 membranes were recorded on a
Jobin-Yvon CD6 dichrograph in the range 400 to 800 nm (1 nm step,
0.2 s integration time, 2 nm bandpass, 1 cm optical path length of the
cell, 5 cm distance from the photomultiplier to the sample).
For the temperature dependences, the samples were incubated for 3 min
at defined temperatures in the range 20C to 80C, in 5C steps, after which
the CD spectra were measured at room temperature. The chl concentration
of the samples was 15 mg mL1. Data are representative of four independent
measurements.Biophysical Journal 108(4) 844–853
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Calorimetric experiments were carried out on a DASM4 (Biopribor, Push-
chino, Russia) build-in highly sensitive microcalorimetric system at a scan-
ning rate of 1C/min. The chlorophyll concentration of BBYpH7.8 and
BBYpH5.2 membranes was 0.8 mg chl/mL. A second scan was subtracted
from the recorded thermograms and a linear-baseline fit was applied before
mathematical peak fitting. Data were analyzed by means of Origin software
package. Data are representative of four independent measurements.RESULTS
Structural organization of BBY membranes
The topography of grana membranes at two states, partly de-
protonated (BBYpH7.8) and protonated (BBYpH5.2), was
probed by AFM. BBYpH7.8 membranes have sizes of the or-
der of 2  3 (5 0.5) mm (Fig. 1 A). Their height profile
(Fig. 1 B) reveals two height levels (9 to 10 nm each)—these
must represent a stack of four membranes as shown by
Sznee et al. (36) for isolated grana membranes from
spinach, imaged in liquid, and by Kirchhoff et al. (34) for
the same type of membranes imaged in air. Higher-magnifi-
cation topographic images (Fig. 2, A and B) reveal a
semi-crystalline macroorganization of elliptical objects
(protrusion units) with sizes of ~27(5 3)  20(5 3) nm
(n ¼ 30) (average values 5 SD; n refers to the number of
particles analyzed), corresponding to an average area of
424 nm2. Similar values for the size of PSII supercomplexes
were given by other authors, 32.3  18.9 nm (34) resolved
by high-resolution AFM in air, 30  20 nm determined by
jumping mode AFM in fluid (36) and 33.0  16.5 nm found
by Nield et al. (43) by means of cryoelectron microscopy,
the variations being probably because of the different
AFM setups in use and/or the applied scanning modes or
scanning parameters as well as the sharpness of the tips.
They might also be because of the variable amount of LHCIIFIGURE 1 (A) Representative contact mode AFM height image of
BBYpH7.8 membrane. (B) Height profile from dashed line in (A), showing
the two height levels, marked with arrows.
Biophysical Journal 108(4) 844–853complexes bound to the mica solid supports in the different
preparations. The area of a single PSII supercomplex deter-
mined by freeze-fracture electron microscopy was reported
to be 1985 12 nm2 (15), thus in our BBYpH7.8 preparation
the protrusion units contain on average 2.1 adjacent PSII
supercomplexes.
The vast majority of the PSII complexes in the BBYpH7.8
sample are in contact with each other with their short sides
forming filamentous macrodomains of varying length
(Fig. 2, A and B). Similarly to the image profiles of BBY
membranes presented by Sznee et al. (36), the height of
the protrusions in our micrographs varies between 3.4 and
2.4 nm (2.97 5 0.34 nm (n ¼ 30), see the height profile
in Fig. 2 C) and corresponds to the lumen exposed parts
of the PSII core and antennae complexes.
The grana patches are largely devoid of lipids and their
area is occupied by PSII supercomplexes and ‘‘free’’
antennae proteins (LHCII) detached from the PSII super-
complexes (34). We counted the number of protrusion units
within the image shown in Fig. 2 A and additional series of
multiple images presented in Fig. S1 in the Supporting Ma-
terial. Taking into account the established average area of
PSII supercomplexes (424 nm2), we estimated the area
occupied by those protrusions and their relative area (the
estimated area divided by the total image area). This re-
sulted in 70 5 3% packing density of the dimeric PSII
supercomplexes, the remaining 30% corresponding mostly
to free LHCII trimers (data from the analysis of multiple im-
ages are presented in Table S1).Structural organization of protonated grana
membranes
It has been shown that lowering of pH affects the macroor-
ganization of thylakoid membranes and the long-range
order of the pigment-protein complexes (44). In this study
by means of 77 K fluorescence we examine the proton-
ation-induced changes in the emission properties of grana
membranes as an indicator for the pH-induced changes in
the conformational and functional state of the PSII com-
plexes. The BBYpH5.2 state exhibited a lower (by 14 5
4%) integrated chl a fluorescence intensity as compared
with BBYpH7.8 (Fig. 3). This showed that the protonation
affects, although to a small extent, the energy distribution
within PSII complexes.
The AFM images of BBYpH5.2 revealed smaller mem-
brane patches, 1  0.5 (5 0.5) mm in size (Fig. 4 A), as
compared with the BBYpH7.8 membranes. Similarly to the
partly deprotonated grana, stacks of two double membranes
are adsorbed on the mica surface, but they are thinner, 7 to
8 nm each. However, in contrast to BBYpH7.8, the protein
complexes in BBYpH5.2 appear randomized and diluted
(Fig. 4 A). The higher-magnification images in Fig. 5, A
and B, and in Fig. S2, reveal the presence of extended areas
devoid of PSII supercomplexes, most probably consisting of
FIGURE 2 (A) Representative higher-resolution
contact mode AFM height image of a BBYpH7.8
membrane. (B) Vertical deflection image from
(A). (C) Height profile from dashed line in A,
showing the height of two protrusions.
Low pH Induced Changes in Grana 847detached antennae (LHCII) complexes forming LHCII-only
domains. Protrusion units with dimensions 33(5 2.2) 
21(5 2.2) nm (n ¼ 30) (average values 5 SD; n refers to
the number of particles analyzed), corresponding to a
544 nm2 area, and height 1.9 to 3.0 nm (2.34 5 0.29 nm
(n ¼ 30), see the height profile in Fig. 5 C) are readily
observed; they occupy 53 5 8% of the image area
(Table S1).
To determine the amount of PSII supercomplexes in the
protrusion units we take as a reference the area of the
PSII supercomplexes determined for illuminated chloro-
plasts by freeze-fracture electron microscopy, 148 5
13 nm2 (15); the estimation yields 4 PSII supercomplexes
per protrusion unit for BBYpH5.2 samples. Apparently they
are more densely packed than in the partly deprotonated
grana membranes and therefore occupy a smaller (by
22%) membrane area. Additional proof of this assumption
is the fact that we found 16.5 5 0.8 protrusion units per
100  100 nm BBYpH7.8 unit area and 9.75 1.5 protrusion
units (~1.7-fold less) for the case of BBYpH5.2 (Table S1).
Summarizing, AFM shows protonation-triggered shrink-
ing of the membrane bilayer, randomization and reduction
in the PSII supercomplex size (because of antennae
detachment).FIGURE 3 The 77 K fluorescence emission spectra of BBYpH7.8 (black
line) and BBYpH5.2 (gray line) membrane fragments recorded upon excita-
tion at 436 nm.Thermal stability of BBY membranes at two
different states of protonation
We applied CD spectroscopy to monitor the thermally
induced conformational changes in the photosynthetic
complexes related to the large pH-induced structural
rearrangements revealed by AFM. CD can detect
changes in pigment-pigment interactions originating from
reorganizations in the oligomerization state or conforma-
tional transitions of the proteins harboring the pigment
molecules. The short- and long-range pigment-pigment in-teractions serve as fingerprints of the supramolecular orga-
nization and conformational stability of the complexes in
photosynthetic membranes (45). For the case of isolated
granal membranes, where the extensive vertical stacking
of the membranes is lost, the observed characteristic exci-
tonic CD signals are very similar to those found for un-
stacked thylakoid membranes (46). In this highly complex
system it is difficult to discriminate the contribution of the
different components, because the CD spectra of BBY
membranes are largely dominated by the CD features of
the LHCII molecules (46). The signal appearing at
~650 nm is attributable to short-range chl b related interac-
tions within LHCII complexes either in isolated state or in
both BBY and intact thylakoid membranes (47–49); there-
fore, the 610/646 nm band in our BBY membrane prepara-
tions can be used as a fingerprint of LHCII stability. The
482/470 nm CD band originates from chl b and neoxanthin
and is sensitive to the aggregation state (trimer/trimer
contact) of LHCII molecules (49) and monomerization
of LHCII trimers in thylakoid membranes (48). TheBiophysical Journal 108(4) 844–853
FIGURE 4 (A) Representative contact mode AFM height image of a
BBYpH5.2 membrane. (B) Height profile from dashed line in (A), showing
the two height levels, marked with arrows.
848 Stoichev et al.665/680 nm and 446/456 nm CD bands are originating from
chl a interactions in both the PSII core and the antennae
complexes.
At room temperature the BBYpH5.2 membranes differed
from the partly deprotonated ones in the intensities of the
665/680 nm, 610/646 nm and 456/446 nm CD bands, that
were slightly lower in BBYpH5.2 (Fig. 6 A).
The thermal destabilization of the CD bands revealed
pronounced differences in the stability of the complexes
at the two protonation states. Temperature dependence of
the intensity of the main CD bands is shown in Figs. 6, B
and C, and S3 and the measured transition temperatures
are given on Table 1. The thermal destabilization profileBiophysical Journal 108(4) 844–853of the 665/680 nm, 610/646 nm, and 482/470nm CD bands
for the BBYpH7.8 samples could be described by a bi-
sigmoidal function revealing a two-step destabilization.
The 482/470 nm CD band was most sensitive to thermal
denaturation, with transitions at 36.8C and 68.2C
(Table 1). Although at this point we cannot assign these
two transition temperatures to specific conformational
changes in the complex, it seems that the breakdown of
the LHCII oligomers into trimers is the first heat-induced
event in BBY membranes. The two-phase destabilization
pattern is most pronounced for the 665/680 nm band
(Fig. 6 B), the transition temperatures (Tm) of 49
C and
72C (Table 1) could be related to structural changes
affecting the core and/or antennae complexes. In all cases
the BBYpH5.2 membranes exhibited single-phase destabili-
zation and the CD bands had lower stabilities/transition
temperatures, by 2–5C, as compared with the partly depro-
tonated ones with the exception of the 482/470 nm band
where the difference between the second phase transition
temperature for BBYpH7.8 and that for BBYpH5.2 is not sig-
nificant (Table 1).
Similarly to the CD data the DSC scans of grana mem-
branes presented in Fig. 7 also indicate that BBYpH5.2 mem-
branes are thermodynamically less stable than BBYpH7.8.
Three main transitions can be distinguished in both states
above 50C, whereas two additional but less-pronounced
ones (shoulders) at ~45C and 80C are seen only in
BBYpH5.2 (Fig. 7 A). The main successive transitions have
Tm of 61
C, 66C, and 70C for BBYpH7.8, whereas for
BBYpH5.2 they are shifted to lower (by 2–6C) temperatures
(Table 2).
Gaussian peak fitting (Fig. 7, B and C) reveals seven
peaks/endothermic transitions for the BBYpH7.8 whereas
only five for the BBYpH5.2 state in the range 47C to 80C
(Fig. 7, B and C). This procedure also clearly resolves the
two shoulders at ~49C and 80C for the partly deproto-
nated membranes as independent transitions (Fig. 7 B).FIGURE 5 (A) Representative contact mode
AFM height image of a BBYpH5.2 membrane. (B)
Vertical deflection image from (A). (C) Height pro-
file from dashed line in A.
FIGURE 6 (A) Typical CD spectra of BBYpH7.8 (A, black line) and
BBYpH5.2 (A, red line) membranes. Selected thermal dependences of the
665/680 nm (B) and 610/646 nm (C) CD bands recorded for BBYpH7.8
(solid black squares) and BBYpH5.2 membranes (open red circles). The
data points are fitted either with a bisigmoidal (B and C, black lines) or
sigmoidal (B and C, red lines) function.
TABLE 1 Transition temperatures (Tm,mean value and SD) for






665/680 nm 49.45 1.3 –
70.65 0.6 66.05 1.1
610/646 nm 56.35 0.9 –
72.85 0.3 69.05 0.2
482/470 nm 36.85 3.3 –
68.25 0.9 66.25 0.8
446/456 nm 71.35 1.3 66.65 1.4
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Excessive excitation energy (that cannot be used for photo-
synthesis and is thus harmful for the photosynthetic mem-
branes) triggers large proton gradients across the thylakoid
membrane and consecutive protonation of the lumenal me-dium and some lumen-exposed proteins. This is followed by
a complex sequence of molecular conformational switches
leading to quenching of chl a fluorescence, NPQ (4), the
low luminal pH being essential for the onset of this process.
Protonation-induced changes in the macroorganization of
the photosynthetic complexes are recognized to take part
in this photoprotection mechanism. So far it is known that
in vivo the drop in the lumenal pH at oversaturating light
conditions is sensed mainly by the glutamate residues of
PsbS and LHCII and leads to large structural rearrange-
ments with major physiological significance for the optimi-
zation of light harvesting and photoprotection in thylakoid
membranes (4,10–14,50,51). These events can be mimicked
in vitro by lowering the pH of the suspension medium to
values (pH 5.2) similar to the physiological high-light
situation.
Applying this approach, large structural changes in thyla-
koid membranes at pH 5.2 are revealed; these changes have
been shown to affect the long-range order of the photosyn-
thetic complexes andmultilamellar organization of themem-
branes (50,51) and the energy distribution between the two
photosystems (controlled by the attachment of LHCII to
the photosystems). It is believed that low-pH induces proton-
ation of PsbS that triggers conformational changes in LHCII
via direct contact with PsbS monomers (52,53). Isolated
LHCII complexes have also been shown to alter their struc-
tural features in response to pH changes—in vitro the proton-
ation of LHCII trimers leads to the formation of aggregates
(54) and when assembled in monolayers (at the buffer/air
interface) the protonated LHCII exhibits a higher order of
organization and a significantly higher stability as compared
with the partly deprotonated LHCII (55). The protonation of
PsbS and LHCII drives LHCII aggregation, LHCII migration
from PSII-bound to PSI-bound state (state transitions) and/or
energy spillover fromPSII toward PSI (as suggested by (44)),
and de-epoxidation of LHCII-bound xanthophylls (xantho-
phyll cycle), all of them factors that ensure the completion
of extensive NPQ. Our work focuses on the low-pH induced
structural rearrangements occurring in isolated PSII-en-
riched membrane fragments (as a model for NPQ) thus
excluding the contribution of the other above-mentioned
factors.Biophysical Journal 108(4) 844–853
FIGURE 7 (A) DSC thermograms of BBYpH7.8 (A, black line) and BBYpH5.2 (A, gray line) membranes. Scanning rate 1C/min. The mathematical decon-
volution (thin lines) of the thermograms is shown in (B) (BBYpH7.8) and (C) (BBYpH5.2).
850 Stoichev et al.AFM imaging revealed major changes in the macroorga-
nization of PSII supercomplexes in BBY membranes
induced by lowering the pH from 7.8 to 5.2—the filamen-
tous organization of PSII supercomplexes visible at pH
7.8 disassembled at pH 5.2; this was accompanied by an
expansion of the LHCII-only domains and tight packing
of the PSII supercomplexes with trimmed antennae. These
observations are fully in line with the model of NPQ pro-
posed by Johnson et al. (15). Furthermore, we image the
LHCII-only domains in grana membranes and demonstrate
for the first time, to our knowledge, their size variation with
the pH change. The observed protonation-triggered forma-
tion of LHCII domains in this work is in line with the sug-
gested low pH-induced detachment of LHCII complexes
from both PSII and PSI that is needed for direct interaction
and energy spillover between the two photosystems (44).
Because BBY membranes are largely depleted of PSI,
what we observe is most probably an intermediate state
that is a structural prerequisite of the modified energy distri-
bution between PSII and PSI. Taking into account the area
of one cylinder-shaped LHCII trimer with a diameter of
10 nm (determined by electron microscopy (56) and AFM
(34)), and the area of the LHCII-only domains in partly de-
protonated and protonated BBYs, it can be estimated that
there are 38.2 5 4.3 free (nonbound to PSII supercom-
plexes) LHCII trimers in a 100  100 nm area at pH 7.8
(Table S1), whereas their number increases to ~60.0 5
10.5 at pH 5.2. Thus, the 16.55 0.8 (dimeric) PSII super-
complexes that were estimated to exist in a 100  100 nm
area (see Results) release ~21.8 LHCII trimers upon proton-
ation, i.e., ~1.3 LHCII trimers are detached per PSII super-
complex under our experimental conditions.TABLE 2 Calorimetric parameters (transition temperatures (Tm) an
the endothermic transitions in the DSC thermograms of BBYpH7.8 an
Sample Tm1 (
C) Tm2 (C) Tm3 (C
BBYpH7.8 45.65 1.7 61.25 1.4 66.25 0
BBYpH5.2 – 53.45 1.2 64.15 2
Biophysical Journal 108(4) 844–853Besides the lateral displacements of the protein com-
plexes our data also reveal protonation-induced membrane
disintegration (into ~12-fold smaller fragments) and thin-
ning, similarly to what is observed for light-adapted grana
membranes (57). The thinning of the membrane upon pro-
tonation could originate from reduction in the height of
the thylakoid membrane bilayer, as observed in light-
adapted (3 nm thickness) compared with the dark-adapted
(4 nm thickness) state (58). The protonation-induced mem-
brane thinning might also arise from the different arrange-
ment of the PSII complexes from the two stacks that
oppose each other. The lower density of the protrusion units
at pH 5.2 allows for a staggered arrangement of the lumen-
exposed parts of PSII, whereas the high-packing density of
the supercomplexes in the partly deprotonated membranes
suggests a face-to-face arrangement.
Beyond any doubt the advances in AFM technology and
the application of high-speed/real-time/dynamic AFM (59)
will provide further details of the dynamical protein rear-
rangements in grana membranes under various conditions.
The application of force distance based multiparametric
AFM imaging (60) of grana membranes is also expected
to provide detailed subnanometeric characterization of their
biophysical and biochemical properties.
These structural changes strongly affect the stability of
the BBY membrane system against the thermal challenge.
Both CD and DSC revealed different denaturation pathways
and lower thermal stability of the protonated BBYpH5.2 sam-
ples as compared with the partly deprotonated ones.
The calorimetric profile of BBY preparations at pH 7.8,
consisting of three well-resolved transitions centered at
61C, 66C, and 70C and two less pronounced onesd total enthalpy (DHcal), mean values and SD) determined from
d BBYpH5.2 membranes
) Tm4 (
C) Tm5 (C) DHcal (cal/g)
.2 70.25 0.8 80 5 1.3 20.45 1.8
.4 68.25 1.8 – 18.75 0.4
Low pH Induced Changes in Grana 851(shoulders) at 45C and 80C, is similar to our previous
DSC data on BBY in the presence of Mg2þ ions (61) and
to the data reported by Thompson et al. (62) and Shutilova
et al. (63). We and others have previously demonstrated
that the endothermic peaks in the DSC profiles of thylakoid
membranes are strongly dependent on pH, buffer type, ionic
strength, lipidic microenvironment, and plant type (re-
viewed in (61)). They were found to relate to a large extent
to the denaturation of the main pigment-protein complexes
in the thylakoid membrane, namely PSII, LHCII and PSI,
as well as to changes in their oligomerization state
(61,64,65). For BBY, the first endothermic event (at
~45C at pH 7.8, Fig. 7 A) relates to PSII core monomeriza-
tion and to oxygen evolving complex (OEC) degradation
(39,61). This transition is missing in the BBYpH5.2 sample
(Fig. 7 B), probably because of at least partial low pH-
induced OEC detachment, which is consistent with the
finding of Schen et al. (66) showing that at pH 5 the
17 kDa subunit of OEC dissociates.
The transition at ~57C originates from PSII core dena-
turation, the one at 62C is because of denaturation of pe-
ripheral LHC proteins, and isolated LHCII denatures at
69C (61,64). All these components appear less stable in
the BBYpH5.2 samples (Fig. 7 and Table 2). Thus, the desta-
bilization upon LHCII detachment is fully in line with the
observation that LHCII depletion from the PSII supercom-
plex reconstituted in liposomes results in lower stability of
the PSII core complexes (67).
Significantly lower thermal stability (by 2–5C) of the
protonated BBY membranes, compared with the partly de-
protonated ones, is also revealed by means of CD. Different
thermal dependences were found for 665/680 nm, 610/
646 nm, 446/456 nm, and 482/470 nm CD bands in the
two protonation states of BBY membranes—biphasic
behavior at pH 7.8 but monophasic (lacking the first phase
and preserving the second one) at pH 5.2. We hypothesize
that the first phase is associated with heat-induced structural
rearrangements of the complexes rather than with protein
denaturation. This remodeling of the membrane apparently
does not occur at pH 5.2 because this phase is not resolved
in the thermal destabilization profile of the protonated BBY
membranes.CONCLUSIONS
In this work we demonstrate that BBY membranes undergo
large macroorganizational rearrangements upon proton-
ation—substantial enlargement of LHCII-only domains
and clustering of PSII complexes with trimmed antennae.
This remodeling is accompanied by membrane thinning
and disintegration in smaller patches, as well as by thermal
destabilization of the protein complexes. Our results provide
details of the molecular events occurring during the first step
of NPQ (protonation of lumen-exposed amino acid resi-
dues). The observed effects appear to be a prerequisite forthe full accomplishment of this multicomponent photopro-
tective mechanism.SUPPORTING MATERIAL
Three figures and one table are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(14)04821-8.ACKNOWLEDGMENTS
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